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Introduction

As detailed single-nucleotide polymorphism (SNP) maps become 
more accessible, there is a growing understanding that rapid and 
efficient detection methods are required to bring SNP analy-
sis into mainstream use in molecular diagnostics laboratories. 
Through constant developing of SNPs under the selectional pres-
sure of the global use of antiviral therapy, RNA viruses such as 
HIV-1 have evolved complex mechanisms for resistance to treat-
ment with drugs.1,2 In modern complex anti-viral HIV-1/AIDS 
therapy, SNPs causing drug resistance to protease inhibitors (PIs) 
are some of the most important, that demand a change in treat-
ment when the resistance is developed.3,4 However, current SNP 
genotyping is a time-consuming and rather expensive procedure 
typically performed using sequencing or microarray techniques.5

Förster resonance energy transfer (FRET) is one of the major 
fluorescence effects applied in nucleic acid biosensing which has 
been studied thoroughly.6-19 Being a physical process whereby the 
excited state energy of a donor molecule can be transferred to a 
neighboring acceptor fluorophore in the ground state, FRET can 
take place whenever the two fluorophores with sufficient spec-
tral overlap between the donor fluorescence and acceptor absor-
bance are in close proximity (distance typically below 7 nm), and 
importantly, provided favorable donor–acceptor dipole–dipole 
orientation. FRET can be monitored quantitatively and in real 
time (e.g., real-time PCR),20-26 with additional possibilities for 
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multiplexing and growing applications in imaging in vivo.10,13 
Several FRET pairs have already been applied in SNP genom-
ics in different assays, which have their own advantages and 
drawbacks (e.g., Taqman probes, molecular beacons, dye-labeled 
oligonucleotide ligation and template-directed dye-terminator 
incorporation).27 However using mainly dye–quencher design of 
FRET probes, none of these assays explore an important dipole–
dipole orientation factor, which is known to influence FRET sig-
nificantly and therefore might be a useful tool in creating nucleic 
acid probes for clinical diagnostics and bioimaging.28

Recently, sensitive polyaromatic hydrocarbon (PAH) dyes 
attached to locked nucleic acids (2'-amino- and isomeric 2'-α-L-
amino-LNA) have been proven to be effective for SNP analysis 
of highly polymorphic model and natural targets.29-31 This was 
done using short LNA/DNA probes and terminal excimer inter-
actions between two pyrene or (phenylethynyl)pyrene residues. 
High sensitivity of the PAH-LNA monomers to minor changes 
in local microenvironments such as SNPs is mainly caused by 
precise positioning of PAHs within the double-stranded nucleic 
acid complexes provided by attachment to a rigid bicyclic LNA 
skeleton. High binding affinity and selectivity to DNA/RNA 
targets and sensitivity to SNPs was however often accompanied 
by low quantum yield of the pyrene derivatives substituted at 
position 1 (monomer M1, Fig. 1).30

Herein, we aimed at improving fluorescence properties of the 
pyrene attached to 2'-amino-LNA by alternating the position of 
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to small T
m
 changes in the complexes containing monomer M2 

displaying ΔT
m
 values of −0.5°C to +3.0°C (for example, T

m
 val-

ues of ON2 upon binding DNA containing mismatch T→C at 
neighboring position 6 and mismatch A→C opposite to mono-
mer M2 were 19.0°C and 40.0°C, respectively; Table S4). Having 
compared T

m
 data for ON1–ON2 and corresponding LNA/DNA 

reference 5'-(CAL CCA ACTL), we observed that the incorpo-
rated fluorophores had a large impact on mismatch discrimina-
tion in the two neighboring positions 6–7, although the duplexes 
were less destabilized and even stabilized for all the probes when 
a mismatch was opposite to the 3'-end nucleotide (Tables S3–
S4). For example, T

m
 decrease upon binding RNA containing 

mismatch G→C at neighboring position 7 by ON1, ON2 and 
reference LNA/DNA compared with fully complementary com-
plexes (ΔT

m
 values) were −17.5°C, −19.5°C and ±0.0°C, respec-

tively. However, ΔT
m
 values were −0.5°C, −0.5°C and +4.0°C for 

ON1, ON2 and reference LNA/DNA, respectively, upon bind-
ing RNA target having A→U mismatch at position 8 (Tables 
S3–S4). As expected, all the longer hybrids ON5–ON8 exhib-
ited melting temperatures that were higher than 70°C and were 
generally less affected by mismatches compared with the dual 
probes ON1–ON4 (Fig. 2B; e.g., T

m
 71.0°C, 61°C and 70°C for 

duplexes of ON7 with cDNA, DNA containing mismatch T→C 
at position 6 and mismatch A→C opposite to monomer M1; 
Table S6). The major differences between the T

m
 discrimination 

of the mismatched nucleotides in central and peripheral posi-
tions to monomers M1–M4 can be attributed to several factors. 
First, owing to lower thermodynamic stability short fluorescent 
oligonucleotides generally display higher sensitivity of hybridiza-
tion toward mismatched DNA/RNA targets than their longer 
analogs.29-33 Second, flexibility of the terminally attached PAHs 

substitution in the pyrene core from 1 to 4, since this modifica-
tion has already showed promising results in labeling of nucleic 
acids (monomer M2, Fig. 1).31-34 We demonstrate that this modi-
fication significantly improved photophysical and spectral char-
acteristics of the pyrene with a strong effect on its interactions 
with the commonly used PAH acceptor FRET perylene (mono-
mers M3 and M4, Fig. 1).35,36 We rationalized these results by 
molecular modeling studies and furthermore utilized the novel 
FRET pairs M2/M3–M4 within short LNA/DNA probes for 
SNP sensing in cDNA fragments obtained from patients cur-
rently receiving anti-HIV-1/AIDS therapy (Fig. 1).

Results

Synthesis of monomer M2 was performed starting from 2'-amino-
LNA nucleoside 137,38 and commercially available pyrene-4-carb-
aldehyde under reductive amination conditions39 followed by 
phosphitylation40 of 2 providing phosphoramidite 3 in 79% over-
all yield (Scheme 1). Previously investigated (pyrene-1-yl)methyl 
2'-amino-LNA (monomer M1) was incorporated into oligonucle-
otides as a reference for the new FRET donor M2,41 monomers 
M3 and M4 were prepared as previously described.42,43

For initial evaluation of pyrene–perylene FRET and SNP 
diagnostic potential, monomers M1–M4 were incorporated in 
a model dual-probe FRET system ON1–ON4 and covalently 
linked double-labeled analogs ON5–ON8 adopted from previ-
ous research on PAH-LNA monomers (Table 1).29,30 The model 
FRET probes were prepared using automated phosphoramidite 
DNA synthesis and first characterized by their melting tempera-
tures with complementary and mismatched DNA/RNA targets 
(T

m
; Tables S1–S6). Generally high melting temperatures of 

the short LNA/DNA probes ON1–ON4 (37–63°C) were sig-
nificantly decreased by mismatches in DNA and RNA targets 
located at the four neighboring positions to the modified mono-
mers, while a single mismatch opposite to monomers M1–M4 led 

Figure 1. Chemical structures of modified PAH-LNA monomers M1–M4 
used in this study and homogeneous fluorescence assay for SNP detec-
tion using M1–M4 within terminally labeled FRET probes.

Table 1. Sequences and MALDI-MS of fluorescent oligonucleotides 
prepared in this studya

# Sequence, 5'→3' Found m/z 
[M-H]-

Calc. m/z 
[M-H]-

ON1 M1CTL TCC ACLA 3081 3082

ON2 M2CTL TCC ACLA 3083 3082

ON3 CALC CAA CM3 2685 2685

ON4 CALC CAA CM4 2685 2685

ON5 CALC CAA CM3M1 CTLT CCA CLA 5732 5734

ON6 CALC CAA CM3M2 CTLT CCA CLA 5730 5734

ON7 CALC CAA CM4M1 CTLT CCA CLA 5731 5734

ON8 CALC CAA CM4M2 CTLT CCA CLA 5734 5734

ON9 M2ATL CLTLGL CLTLC 3102 3102

ON10 M2GLTL ALTLCL ALTLC 3139 3140

ON11 ATLAL CLTLGL TAM3 3188 3186

ON12 ATLAL CLTLGL TAM4 3186 3186

ON13 TTLCL TLALAL TAM3 3160 3161

ON14 TTLCL TLALAL TAM4 3158 3161
aTL, thymin-1-yl LNA monomer; CL, 5-methylcytosin-1-yl LNA monomer; 
GL, guanin-9-yl LNA monomer; AL, adenin-9-yl LNA monomer.
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might lead to better positioning of the bulky fluorophores within 
the dual-probe complementary duplexes with respect to those 
containing single-base mismatches leading to strongly decreased 
T

m
 values for the latter complexes. Third, increased stability of 

the duplexes containing mismatches opposite to modifications 
within the dual-probe format might result from proximity of 
the fluorophores to the end of the duplex, where fraying of the 
doubles-stranded complex diminishes the impact of mismatches 
relative to those located at internal positions.

Excitation was performed at 340 nm for all the FRET probes, 
since the monomers M1 and M2 revealed similar position and 
structure of their visible absorbance, excitation and fluorescence 
bands (Table 2). Photophysical and spectral properties of the 
model systems indicated superior quantum yields Φ

f
 0.15–0.18 

of M2 compared with Φ
f
 0.06–0.07 of M1, although both FRET 

donors were quenched within single strands (ON1–ON2: Φ
f
 

0.04–0.05; Fig. 2C and Table 2). Fluorescence light-up upon 
hybridization points at the positioning of PAH fluorophores 
in nonpolar minor groove of the duplexes. Minor interactions 
of the fluorophores with the nucleobases within the comple-
mentary complexes were also confirmed by low sensitivity 
of the fluorophore’s absorbance to the elevated temperature  
(Fig. S3). Moreover bright fluorescence of the complexes con-
taining monomers M2/M3–M4 contradicts intercalation typi-
cally leading to quenched PAH fluorescence due to interaction 
with nucleobases.32

The quantum yields and, hence, fluorescence brightness val-
ues FB of double-labeled probes ON5–ON8 were very high (Φ

f
 

0.72–1.00 and FB up to 52.0), however without sensitivity of the 
fluorescence to single-base mismatches (Fig. S1). The mismatches 
were in turn strongly discriminated by dual-probes ON2–ON4 
containing M2/M3–M4 FRET pairs (discrimination factor DF 
up to 16.7 using the ratio between fluorescence intensity of 
acceptor to donor; Fig. S1). Importantly, quantum yields of the 

Scheme 1. Preparation of modified monomers M1–M4. Reagents, conditions (and yields): (i) pyrene-4-carbaldehyde, NaBH(OAc)3, 1,2-dichloroethane, 
rt (87%); (ii) NC(CH2)2OP(Cl)N(iPr)2, DIPEA, CH2Cl2, rt (91%); (iii) DNA synthesizer. DMT, 4,4’-dimethoxytrityl.

donor FRET in absence of acceptor and extinction coefficient of 
the corresponding acceptor in absence of donor evaluated prior to 
FRET measurements were similar for fully complementary and 
singly-mismatched complexes (Fig. S3). High FRET efficiency 
values of the fully complementary complexes (E up to 1.00) were 
furthermore decreased in presence of a single mismatch opposite 
to the donor FRET M2, but not opposite to acceptors M3–M4 
(E 0.22–0.45 and 0.89–0.95, respectively; Table S7). Finally, 
mismatch discrimination in RNA targets was as efficient as in 
DNA, although with slight alterations of E and discrimination 
factor values, which can be attributed to the structural differ-
ences between the complexes with DNA and RNA.

Additional information about FRET can be obtained from 
calculation of donor–acceptor spectral overlap integral J and 
Förster distance R

0
 (the donor–acceptor distance at which  

E = 50%), and from analysis of distance dependence of E val-
ues (Fig. 3).28,44,45 The calculations were performed assuming 
dipole–dipole orientation factor χ2 = 2/3 due to emission dipole 
of the donor and the absorption dipole of the acceptor random-
ized by segmental motions of the nucleic acid components, while 
the average dipole orientations were favorable for FRET within 
the complementary complexes.28 First, novel donor FRET M2 
displayed higher J compared with M1, although the R

0
 values 

and distance dependence of E were similar for the two monomers  
(J ~5.2 × 10−14 cm6 mmol−1 vs. 3.2 × 10−14 cm6 mmol−1 for M2 and 
M1, respectively; R

0
 ~20 Å; see Materials and Methods for cal-

culation details). Being compared with previously studied Cy3–
Cy5 FRET pair terminally attached to series of DNA duplexes, 
overlap integral J was lower for the pairs M2/M3–M4, which is 
most likely caused by distinctive spectral properties of the PAH 
dyes (J ~7.2 × 10−13 cm6 mmol−1 for Cy3–Cy5).45

Second, dependence of the FRET efficiency values E on the 
distance between the donor and acceptor FRET was studied using 
a series of DNA/RNA targets complementary to ON1–ON4 
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and containing increasing number of separating nucleotides dT
n
 

(rU
n
) between the modified monomers (n = 0–9; Fig. 3A).44 

Taking length of one nucleotide unit 3.5 Å,46 the single-stranded 
gap model allowed measurements of FRET efficiency when the 
distance between the modified monomers upon hybridization of 
ON1–ON4 to the targets varied from zero to 31.5 Å (Fig. 3B). 
This assay format was applied because of small Förster distance of 
the pyrene–perylene FRET pair,44 although the single-stranded 
gap model could not disclose orientation dependence of FRET 
pairs M2/M3–M4 within long double-stranded complexes.45 
Having annealed the FRET probes to the series of DNA/RNA 
targets and having measured the FRET efficiency values E of the 
resulting complexes as described above, the resulting E values 
were plotted against the distance between the monomers M1–M2 
and M3–M4 (Fig. 3C and D). Importantly, the FRET process 
in the new pairs M2/M3–M4 was inversely proportional to the 
sixth power of the distance between donor and acceptor, which 
was of stronger magnitude for DNA targets compared with RNA 
and in all the cases was in agreement with classic FRET theory  
(Fig. 3C and D).28

Molecular models of the complementary and singly-mis-
matched complexes containing M1–M4 showed distance changes 
r = 2–4 Å between the donors and acceptors FRET in presence 
of mismatch, which is too small in order to decrease the FRET 
efficiency as indicated by the E−r plots (Figs. 3 and 4). Moreover, 
molecular modeling showed closer positioning of the M2 

Figure 2. Representation of fluorescent probes prepared in this study (A), thermal denaturation curves (B), and steady-state fluorescence emission 
spectra (C) of single-stranded model probes ON2, ON4 and their complexes with cDNA and RNA obtained in a medium salt phosphate buffer  
([Na+] = 110 mM) using absorbance at 260 nm (B), excitation wavelength 340 nm (C) and 1.0 μM concentration of oligonucleotides.

Table 2. Spectral properties of selected model fluorescence probes and 
their duplexes with cDNA/RNA targetsa

Probe:target λabs
max, nm λfl

max, nm E Φf FB*

ON1+ON3 334,349,426,451 370,422,449,478 0.82 0.05 2.4

ON1:ON3:DNA 334,349,428,453 368,422,449,476 1.00 0.05 2.8

ON1:ON3:RNA 334,349,429,454 366,420,447,475 1.00 0.05 2.8

ON1+ON4 334,349,425,451 370,422,449,478 0.82 0.05 2.2

ON1:ON4:DNA 334,349,427,453 368,422,446,477 1.00 0.07 3.1

ON1:ON4:RNA 334,349,426,452 366,420,448,478 1.00 0.06 2.9

ON2+ON4 330,342,425,451 370,391,449,478 0.86 0.04 2.4

ON2:ON4:DNA 330,341,427,452 373,392,448,478 1.00 0.18 21.0

ON2:ON4:RNA 330,342,426,452 371,391,446,476 1.00 0.15 18.0

ON8 330,342,425,451 422,449 1.00 0.72 26.0

ON8:DNA 330,341,425,452 420,445 1.00 0.95 44.0

ON8:RNA 330,342,425,453 419,444 1.00 1.00 52.0
aComplementary DNA: 5'-d(TGTGGAAGAA GTTGGTG)-3'; complemen-
tary RNA: 5'-r(UGUGGAAGAA GUUGGUG)-3'; λabs

max, λ
fl

max, E, Φf and FB are 
absorbance, fluorescence emission maxima, FRET efficiency, fluores-
cence quantum yield and fluorescence brightness, respectively. *FB 
= Φf × εmax, where εmax = maximum molar extinction coefficient of the 
corresponding probe.
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therapy at the Russian Federal AIDS Centre was analyzed. We 
subsequently isolated the total RNA from the plasma samples 
followed by RT-PCR and Nested PCR amplification rounds 
using specific primers for the 570 nucleotide Pol fragment.29 The 
resulting PCR products were purified and sequenced (Fig. 5;  
Fig. S4). Having analyzed the resulting sequences, we concluded 
that within region 2332–2354 mutation G2340A causing resis-
tance of HIV-1 to protease inhibitor (PI) virasept (nelfinavire) is 
most often accompanied by one or two polymorphisms located 
three to four nucleotides apart from position 2340. Moreover, 
the region 2332–2354 often contains mutation G2346A causing 
resistance of HIV-1 to all PIs available to date (Table S8).47 We 
obtained model targets (cDNA and RNA variants) corresponding 
to the sequenced Pol regions 2332–2354 from commercial suppli-
ers. In order to evaluate selectivity of target binding, highly poly-
morphic targets not observed in screening were obtained as well. 
Finally, we isolated six 570 nt long Pol cDNA and characterized 
them by sequencing (Fig. 5 and the Supplemental Material).

Probes ON9–ON14 were designed for detection of G2340A 
and G2346A so the fluorescence enhancing signal of full comple-
mentarity corresponded to mutations G2340A and G2346A (Fig. 
5; preparation and characterization of ON9–ON14 is described 
in the Supplemental Material). The probes ON9–ON14 showed 
binding to the model 2332–2354 targets29 T1–T20 at the tempera-
ture of fluorescence measurements (19°C; T

m
 data not shown). On 

the other hand, ON9–ON14 did not bind to highly polymorphic 
sequences T21–T22, which proves their selectivity to the comple-
mentary Pol region 2332–2354. Next, fluorescence studies using 
model targets T1–T20 allowed evaluation of mutation sensing 
by the probes ON9–ON14 and their characterization with limit 
of target detection (LOD) values (Table 3). Thus, fluorescence 

within the minor groove compared with isomeric monomer M1, 
and revealed changes in pyrene orientation in the presence of 
a mismatch opposite to the pyrene-4-yl monomer M2 (Fig. 4C  
and D compared with Fig. 4A and B). This is to the best of our 
knowledge the first example of dipole–dipole orientation change 
between donor and acceptor FRET observed in presence of a 
single-nucleotide mismatch in a nucleic acid target.27 Notably, 
improvement of pyrene’s properties as donor FRET was achieved 
by changing position of the substitution from 1 to 4, which 
underlines a very strong dependence of the pyrene’s spectral 
properties on the fluorophore’s symmetry and adoption within 
the nucleic acid complexes. Finally, molecular modeling indi-
cated partial positioning of perylene within minor groove of the 
duplexes accompanied by exposure of the fluorophore into the 
medium, in all cases with minor interactions between perylene 
and nucleobases (Fig. 4). Such positioning of acceptor FRET 
is most likely one of the most important factors for obtaining 
high fluorescence quantum yields of the prepared probes upon 
binding DNA/RNA targets, since fluorescence response of PAH 
monitored during the assay is not quenched by the surrounding 
nucleobases.28

Detection of SNP in PCR fragments is a promising method 
for rapid genotyping in absence of sequencing and microarray 
equipment.25 In this study we aimed to develop a homogeneous 
fluorescence assay for SNP analysis in the clinically important 
HIV-1 gene fragment encoding protease (HIV Pol) using novel 
M2/M3–M4 FRET pairs (Fig. 1). We furthermore aimed at cre-
ating a fluorescence assay which could be further applied in e.g., 
real-time imaging of viral RNA/cDNA and quantative multiplex 
PCR assays. Initially, a panel of 200 plasma samples obtained 
from patients currently receiving complex HIV-1/AIDS antiviral 

Figure 3. Dependence of FRET efficiency E on distance between donor and acceptor FRET. Probes ON1 + ON4 and ON2 + ON4 (FRET pairs M1/M4 and 
M2/M4) are shown as blue and red lines, respectively. The data presented was obtained assuming E = 1.0 for duplexes with target DNA/RNA at n = 0.
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photophysical properties compared with 
the usually applied pyrene-1-yl substituent, 
also with respect to FRET properties as 
donor to perylene within nucleic acid com-
plexes. Moreover, fluorescence quantum 
yield within complementary complexes 
with DNA/RNA and spectral overlap with 
perylene were increased for pyrene-4-yl 
fluorophore compared with the pyrene-
1-yl isomer, although the single-stranded 
probes were quenched by the interactions 
with polar media in both cases. Changes 
in dipole–dipole orientation between the 
pyrene-4-yl and perylene LNA monomers 
within a dual-probe format allowed rapid 
and accurate SNP genotyping in cDNA 
and RNA with a sensitivity lower than  
5 nM. This is an important result for the 
future design of FRET nucleic acid probes 
for SNP genotyping. Clearly, synthesis 
of novel pyrene derivatives is a promising 
strategy for development of novel effective 
biosensors, as the distinctive advantage of 
PAH fluorophores in contrast to e.g., cya-
nines and xanthenes is their high photo- 
and chemical stability. Together with large 
Stokes shift (115 nm), target binding affin-
ity and selectivity, pyrene–perylene LNA/
DNA FRET probes described herein pro-
vide great potential for the development of 
nucleic acid based biosensors for imaging 
and clinical diagnostics.

Patients, Materials and Methods

Phosphoramidite reagents 5,41 642 and 943 were synthesized fol-
lowing published procedures; phosphoramidite reagent 3 was 
prepared as described below. Pyrene-1- and pyrene-4-carbalde-
hydes were obtained from commercial suppliers (Sigma-Aldrich, 
cat. no. 144037, and Achemica Corp., custom synthesis, respec-
tively). 9,10-Diphenylantracene (DPA), 1-pyrenebutyric acid and 
perylene used in spectral studies were recrystallized. HPLC grade 
light petroleum ether, 1,2-dichloroethane, n-hexane and ethyl 
acetate were distilled and stored over activated 4 Å molecular 
sieves. DCM was distilled over CaH

2
. All other reagents and sol-

vents obtained from commercial suppliers were used as received. 
Photochemical studies were performed using spectroquality 
cyclohexane and methanol.

NMR spectra were recorded at 303 K on Varian Gemini 2000 
300 MHz instrument. Chemical shifts are reported in ppm rela-
tive to solvents peaks (CDCl

3
: 7.26 ppm for 1H and 77.0 ppm 

for 13C; 85% aq. H
3
PO

4
: 0.00 ppm for 31P). 1H NMR coupling 

constants are reported in Hz and refer to apparent multiplicities. 
High resolution MALDI mass spectra were recorded in positive 
ion mode using an IonSpec Fourier Transform ICR mass spec-
trometer. Analytical thin-layer chromatography was performed 

sensing by dual-probe systems ON10+ON13 and ON10+ON14 
was quite similar with higher fluorescence quantum yield for the 
latter system (data not shown). Interestingly, we observed differ-
ence in sensing cDNA and RNA targets, although in both cases 
all the genotypes were efficiently analyzed, also in the presence 
of additional polymorphic sequence variations (Fig. 5; Table 3).  
The LOD values for ON9–ON14 were < 5–10 nM which is 
comparable and in some cases superior to e.g., widely applied 
molecular beacons and is sufficient for direct sensing of long PCR 
fragments.48,49 Finally, annealing of the six purified cDNA frag-
ments with the probe mixtures ON10+ON14, ON9+ON12 and 
ON9+ON11 (ss1–ss3) in three analytical tubes was followed by 
fluorescence measurements and calculation of ratiometric param-
eter I

455
/I

373
 (1–3) (Fig. 5; see Patients, Materials and Methods 

section for detailed description of the assay). As can be seen, the 
performed fluorescence assay allowed rapid and accurate detection 
of all the six genotypes within the region of interest Pol in full 
agreement with the previously obtained sequencing data (Fig. 5 
and Supplemental Material).

Discussion

Based on our data, attachment of pyrene in position 4 
to 2'-amino-LNA remarkably improved its spectral and 

Figure 4. Low-energy structures of complementary and single-mismatched duplexes containing 
FRET pairs M1/M4 and M2/M4: (A) M1/M4 pair within fully matched complex ON1:ON4:DNA;  
(B) M1/M4 pair within complex containing mismatch opposite to monomer M1 (ON1:ON4:dmA(8)
T); (C) M2/M4 pair within fully matched complex ON2:ON4:DNA; (D) M2/M4 pair within complex 
containing mismatch opposite to monomer M2 (ON2:ON4:dmA(8)T).
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alkylation of nucleoside 1 (470 mg, 1 mmol) was performed 
with pyrene-4-carbaldehyde (230 mg, 1 mmol) in the presence 
of NaBH(OAc)

3
 (320 mg, 1.5 mmol) in 1,2-dichloromethane  

(15 mL) at rt for 12 h. A mixture of absolute EtOH with toluene 
and Et

3
N (9:9:2, v/v/v) was then added, and the resulting mix-

ture was evaporated to dryness under reduced pressure. The resi-
due obtained was purified by column chromatography (55→60% 
EtOAc in a light petroleum ether, v/v) to afford nucleoside 2 as 
a white solid material (560 mg, 87%). 1H NMR (CDCl

3
) δ 9.25 

(br s, 1H, NH), 8.36 (d, J = 7.9 Hz, 1H), 8.14–8.10 (m, 3H), 
8.05 (s, 1H), 8.00–7.91 (m, 4H), 7.70 (s, 1H, H6), 7.46–7.43 (m, 
2H), 7.34–7.20 (m, 7H), 6.80 (dd, J = 2.1 and 8.8 Hz, 4H), 6.10 
(s, 1H, H1'), 4.77 (d, J = 13.4 Hz, 1H, CH

2
-pyrene), 4.50 (d, J 

= 13.3 Hz, 1H, CH
2
-pyrene), 4.26 (s, 1H, H3'), 3.75 (s, 6H, 2 × 

OCH
3
), 3.72 (s, 1H, H2'), 3.38 (d, J = 11.5 Hz, 1H, H5'a), 3.34 

(d, J = 12.8 Hz, 1H, H5'b), 2.95 (d, J = 10.0 Hz, 1H, H5''a), 
2.65 (d, J = 10.0 Hz, 1H, H5''b), 1.72 (s, 3H, 5-CH

3
); 13C NMR 

(CDCl
3
) δ 164.1 (C4), 158.7, 150.1 (C2), 144.6, 135.7, 135.5, 

135.2, 132.7, 131.6, 131.0, 130.6, 130.2, 130.1, 128.2, 128.1, 
128.0, 127.6, 127.3, 127.1, 126.1, 125.9, 125.4, 125.2, 124.4, 

on Kieselgel 60 F
254

 precoated aluminum 
plates (Merck). Silica gel column chromatog-
raphy was performed using Merck Kieselgel 
60 0.040–0.063 mm.

Unmodified DNA/RNA strands 
were obtained from commercial suppli-
ers and used without further purification. 
Oligonucleotide synthesis of the fluorescent 
probes used in this study was performed 
on a PerSpective Biosystems Expedite 8909 
instrument in 200 nmol scale using manu-
facturer’s standard protocols. For incorpora-
tion of monomers M1–M4 a hand-coupling 
procedure was applied (25 min coupling). 
The coupling efficiencies of standard DNA 
phosphoramidites and reagents 3, 5–6 and 9 
based on the absorbance of the dimethoxyt-
rityl cation released after each coupling var-
ied between 92% and 100%. Cleavage from 
solid support and removal of nucleobase 
protecting groups was performed using 32% 
aqueous ammonia and methylamine 1:1, v/v, 
for 4 h at room temperature (5'-terminal and 
internally labeled probes). In case of 3'-mod-
ified probes, a universal support 40 (GE 
Healthcare) was used. Cleavage from the 
latter and removal of nucleobase protecting 
groups was performed using 4 M ammonia 
in abs. MeOH (1 h, rt), followed by addition 
of 32% aqueous ammonia (6 h, 55°C). The 
product oligonucleotides were purified by 
DMT-ON reverse-phase (RP) HPLC using 
the Waters System 600 equipped with Xterra 
MS C18-column (5 μm, 150 mm × 7.8 mm). 
Elution was performed starting with an iso-
cratic hold of A-buffer for 5 min followed by 
a linear gradient to 70% B-buffer over 40 min at a flow rate of 
1.0 mL/min (A-buffer: 0.05 M triethyl ammonium acetate, pH 
7.4; B-buffer: 25% buffer A, 75% CH

3
CN). RP purification was 

followed by detritylation (80% aq. AcOH, 20 min), precipitation 
(acetone, −18°C, 12 h) and washing with acetone three times. 
The identity and purity of oligonucleotides was then verified by 
MALDI-TOF mass spectrometry and IE HPLC, respectively. IE 
HPLC was performed using the Merck Hitachi LaChrom instru-
ment equipped with Dionex DNAPac Pa-100 column (250 mm × 
4 mm). Elution was performed starting with an isocratic hold of 
A- and C-buffers for 2 min followed by a linear gradient to 60% 
B-buffer over 28 min at a flow rate of 1.0 mL/min (A-buffer: MQ 
water; B-buffer: 1 M NaClO

4
, C-buffer: 25 mM Tris-Cl, pH 8.0). 

MALDI-TOF mass spectrometry analysis was performed using a 
MALDI-LIFT system on the Ultraflex II TOF/TOF instrument 
from Bruker and using HPA-matrix (10 mg 3-hydroxypicolinic 
acid, 50 mM ammonium citrate in 70% aqueous acetonitrile).

Synthesis of modified monomer M2. (1R,3R,4R,7S)-1-
(4,4'-Dimethoxytrityloxymethyl)-7-hydroxy-5-(pyren-4-yl)methyl-
3-(thymin-1-yl)-2-oxa-5-azabicyclo[2.2.1]heptane (2). Reductive 

Figure 5. Detection of HIV PR cDNA and RNA fragments. Ss1–ss3 = ON10 + ON14, ON9 + ON12 
and ON9 + ON11, respectively. The data are presented according to homogeneous fluores-
cence genotyping assay described in Patients, Material and Methods section. Target abbrevia-
tions: Wt, wild type; Wt + pol, wild-type at positions 2340 and 2346 containing polymorphic 
mutations; G2340A (G2346A) + pol, mutation G→A at position 2340 (2346) and additional 
polymorphic mutations; r, purine as low-complexity or repetitive element.1 For complete 
sequencing data of the cDNA fragments, see the Supplemental Material.
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The fluorescence quantum yields. The fluorescence quan-
tum yields (Φ

f
) were measured by the relative method28,29 using 

standards of highly diluted solutions of 1-pyrenebutyric acid (Φ
f
 

= 0.07) in methanol, perylene (Φ
f
 = 0.93) and 9,10-diphenylan-

tracene (Φ
f
 = 0.95) in cyclohexane. The samples used in quan-

tum yield measurements were not degassed; concentrations were  
0.25 μM. Excitation spectra were obtained using emission wave-
length at 510 nm.

Discrimination factor. Discrimination factor (DF) values50 
were determined as a ratio of fluorescent signal (fluorescence 
intensity or fluorescence intensity ratio) at corresponding λfl of 
fully-matched duplex to single-base mismatched one. DF > 1 = 
quenching of fluorescence at corresponding λfl; DF < 1 = fluores-
cence light-up.

FRET efficiency values. FRET efficiency values E for pyrene-
perylene FRET pairs were calculated using equiation:35 E = ε

A
/

ε
D
 × (I

AD
/I

A
 − 1), where ε

A
 and ε

D
 are the molar extinction coeffi-

cients of the acceptor and donor at the excitation wavelength, and 
I

AD
 and I

A
 are the fluorescence intensities at the acceptor emission 

wavelength in the presence and absence of the donor, respectively.
Limit of target detection (LOD) values. Limit of target 

detection (LOD) values were determined by series of dilution 
experiments following previously described protocol.29 Relevant 
fluorescent oligonucleotides at concentrations 500, 250, 100, 50, 
20, 10, 5, and 1 nM were mixed in a medium salt phosphate 
buffer in molar ratios described above. Upon annealing, a fluo-
rescence signal was measured at λfl 455 nm. LOD value of each 
complex was then defined as a lowest complex concentration such 
that the fluorescence signal to noice ratio (S/N) relative to the 
blank solution of a medium salt phosphate buffer was minimum 
three.

Förster distances. Förster distances R
0
 were determined using 

Förster Energy Transfer module of PhotochemCAD ver. 2.0 soft-
ware51 and using the following equations:44

R
0
 = (8.79 × 10−5 J ϕ

D
 n−4 κ2)−1/6 (in Å) (1)

J = ∫ ε
A
 (λ) f

D
 (λ) λ4 dλ/∫ f

D
 (λ) λ4 (in cm6 mmol−1) (2)

where J is the normalized spectral overlap of the donor emis-
sion spectrum and the acceptor absorption spectrum, ϕ

D
 is the 

quantum yield for donor emission in absence of the acceptor, n 
is the refractive index of the solution, κ2 is an orientation factor 
depending on the relative orientation of the emission dipole of 
the donor and the excitation dipole of the acceptor, ε

A
 (λ) is the 

extinction coefficient of the acceptor (M−1cm−1) and f
D
 (λ) is the 

corrected emission spectrum of the donor per unit wavelength 

121.4, 113.3, 110.4 (C5), 88.9 (C4'), 86.6 (CAr
3
), 82.6 (C1'), 

70.8 (C3'), 66.7 (C5'), 59.7 (C2'), 56.4 (CH
2
-pyrene), 55.3 (2 

× OCH
3
), 53.7 (C5''), 12.7 (5-CH

3
); MALDI-HRMS: m/z 

808.2992 ([M + Na]+, C
49

H
43

N
3
O

7
Na+ calcd 808.2999).

(1R ,3R ,4R ,7S) -7- (2-Cyanoethoxy (dii sopropylamino)
phosphinoxy)-1-(4,4'-dimethoxytrityloxymethyl)-5-(pyren-4-yl)
methyl-3-(thymin-1-yl)-2-oxa-5-azabicyclo[2.2.1]heptane (3). 
2-Cyanoethyl N,N-diisopropylphosphoramidochloridite (250 mg, 
1 mmol) was added dropwise to a stirred solution of nucleoside 2 
(550 mg, 0.7 mmol) and N,N-(diisopropyl)ethylamine (DIPEA, 
2.5 mL) in DCM (10 mL). After stirring for 12 h at rt, the reac-
tion mixture was diluted with DCM and the resulting mixture 
was washed with sat. aq. NaHCO

3
, dried (Na

2
SO

4
) and evapo-

rated to dryness under reduced pressure. The residue obtained was 
purified by column chromatography (50–55% EtOAc in n-hex-
ane, v/v) to afford phosphoramidite 3 as a white foam (630 mg, 
91%). 31P NMR (CDCl

3
) δ 149.6, 149.4; MALDI-HRMS: m/z 

1008.4065 ([M+Na]+, C
58

H
60

N
5
O

8
PNa+ calcd 1008.4072).

UV-visible absorbance spectra and thermal denaturation 
experiments. UV-visible absorbance spectra and thermal denatur-
ation experiments were performed on a Perkin Elmer Lambda 35 
UV/VIS Spectrometer equipped with PTP 6 (Peltier Temperature 
Programmer) in a medium salt phosphate buffer (100 mM NaCl, 
10 mM Na-phosphate, 0.1 mM EDTA, pH 7.0). Concentrations 
of oligonucleotides were calculated using the following extinc-
tion coefficients (OD

260
/μmol): G, 10.5; A, 13.9; T/U, 7.9; C, 

6.6; M1 20.2; M2, 16.9; M3–M4, 33.2. For determination of the 
extinction coefficient of pyrene-4-ylmethyl modification, a solu-
tion of pyrene-4-carbaldehyde in 0.5% DMSO–water was used. 
Oligonucleotides (1.0 μM each strand) were thoroughly mixed, 
denatured by heat (5 min at 85°C) and subsequently cooled to 
the starting temperature of experiment. Thermal denaturation 
temperatures (T

m
 values, °C) were determined as the maximum 

of the first derivative of the thermal denaturation curve at the 
corresponding wavelength (A vs. temperature). Reported T

m
 val-

ues are averages of at least two measurements with resulting T
m
 

within ± 0.5°C.
Fluorescence spectra. Fluorescence spectra were recorded in a 

medium salt phosphate buffer described above on a PerkinElmer 
LS 55 luminescence spectrometer equipped with a Peltier tem-
perature controller using an excitation wavelength of 340 nm, 
excitation slit of 4.0 nm, emission slit of 2.5 nm, scan speed of  
120 nm/min and 0.25–1.0 μM concentrations of the single-
stranded probe or the corresponding complementary complex.

Table 3. Detection of mutations G2340A and G2346A in cDNA/RNA targets using FRET LNA/DNA probes ON9–ON14a

Probes Target Fluorescence sensing of binding HIV-1 Pol (target abbreviation) LOD, nM

ON9 + ON11 cDNA 6-fold increased emission (G2340A + G2346A + pol) 10

ON9 + ON12 cDNA 4-fold increased emission (G2340A + pol) 10

ON10 + ON14 cDNA 9-fold increased emission (G2346A + pol) 5

ON9 + ON12 RNA
10-fold increased emission (G2340A + pol)

No light-up (G2346A + pol)
< 5

ON10 + ON14 RNA 10-fold increased emission (G2340A + G2346A + pol) < 5
aG2340A (G2346A), mutation G➞A at position 2340 (2346); pol, polymorphic mutation(s); LOD, limit of target detection.
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cDNA fragment (10 μL of 1.0 μM stock solutions) and water 
(negative control) were mixed with the probes ss1–ss3 (25 μL of 1.0 
μM stock solution; ss1: ON10 and ON14; ss2: ON9 and ON12; 
ss3: ON9 and ON11) in DNA hybridization buffer (medium salt 
PBS containing 10 mM EDTA and 0.1% Tween 20). The vials 
were marked as “test 1–3” for the mixtures of cDNA with ss1–ss3, 
respectively; the corresponding negative controls were marked 
“0.” The resulting samples were annealed at 85°C for 5 min fol-
lowed by cooling to rt over 1 h. Fluorescence measurements were 
performed using excitation wavelength of 340 nm, and monitor-
ing emission at 455 nm and 373 nm. Fluorescence response was 
analyzed using the following ratiometric equations: 

Test 1: I
455

/I
373

 (test 1)/I
455

/I
373

 (0) = 9.0→mutation G2346A; 
I

455
/I

373
 (test 1)/I

455
/I

373
 (0) = 4.0→analysis of test 2. 

Test 2: I
455

/I
373

 (test 2)/I
455

/I
373

 (0) = 4.0→mutation G2340A; 
I

455
/I

373
 (test 2)/I

455
/I

373
 (0) = 1.5→analysis of test 3.

Test 3: I
455

/I
373

 (test 3)/I
455

/I
373

 (0) = 1.0→wild type target 
at both positions 2340 and 2346; I

455
/I

373
 (test 3)/I

455
/I

373
 (0) = 

6.0→both mutations G2340A and G2346A are present.
Homogeneous fluorescence assay for SNP analysis of HIV-1 

Pol RNA using ON9–ON10, ON12 and ON14. In separate vials 
the RNA target (10 μL of 1.0 μM stock solutions) and water 
(negative control) were mixed with the probes ss1–ss2 (25 μL 
of 1.0 μM stock solution; ss1: ON9 and ON12; ss2: ON10 and 
ON14) in DNA hybridization buffer described above. The vials 
were marked as “test 1–2” for the mixtures of RNA with ss1–ss2, 
respectively; the corresponding negative controls were marked 
“0.” The resulting samples were annealed at 85°C for 5 min fol-
lowed by cooling to rt over 1 h. Fluorescence measurements were 
performed using excitation wavelength of 340 nm, and monitor-
ing emission at 455 nm and 373 nm. Fluorescence response was 
analyzed using the following ratiometric equations: 

Test 1: I
455

/I
373

 (test 1)/I
455

/I
373

 (0) = 10.0→mutation G2340A; 
I

455
/I

373
 (test 1)/I

455
/I

373
 (0) = 1.0→mutation G2346A; I

455
/I

373
 

(test 1)/I
455

/I
373

 (0) = 3.0→analysis of test 2
Test 2: I

455
/I

373
 (test 2)/I

455
/I

373
 (0) = 10.0→both mutations 

G2340A and G2346A are present; I
455

/I
373

 (test 2)/I
455

/I
373

 (0) = 
3.0→wild type target at both positions 2340 and 2346.
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interval. Steady-state fluorescence emission and absorbance 
spectra of the corresponding complementary oligonucleotides 
containing donor and acceptor FRET were uploaded into the 
PhotochemCAD database, as well as FRET efficiency and dis-
tance D–A values estimated by fluorescence measurements and 
molecular modeling described below, respectively. Resulting val-
ues using κ2 value of 2/3 (lit.44): R

0
 = 19.8 Å, J = 3.21 × 10−14 cm6 

mmol−1, pair M1/M3; R
0
 = 20.1 Å, J = 3.20 × 10−14 cm6 mmol−1, 

pair M1/M4; R
0
 = 21.9 Å, J = 5.08 × 10−14 cm6 mmol−1, pair 

M1/M3; R
0
 = 21.5 Å, J = 5.2 × 10−14 cm6 mmol−1, pair M1/M4. 

Reference values for pyrene–perylene FRET pair in cyclohexane: 
R

0
 = 31.3 Å, J = 2.3 × 10−14 cm6 mmol−1 (2.4 × 10−14 cm6 mmol−1, 

lit.44).
Molecular modeling. Nucleic acid duplexes were built in 

B-type helical geometry using Chem3D Pro 12.0 for incorpo-
ration of fluorophores and further analyzed by MacroModel 
V9.1.52 When doing this the structures were minimized using the 
Polak–Ribiere conjugate gradient method, the all-atom AMBER 
force field,53 and GB/SA solvation model54 as implemented in 
MacroModel V9.1. Non-bonded interactions were treated 
with extended cut-offs (van der Waals 8.0 Å and electrostatics  
20.0 Å).

Isolation of total HIV RNA. From the 200 plasma samples 
followed by RT-PCR and NESTED-PCR amplification were 
performed using in-house testing system “Amplisense® HIV-
genotype-EPh” obtained from Central Institute of Epidemiology 
and PCR amplifier GeneAmp PCR System 2400. Selected 
patients currently receive combined anti-HIV/AIDS therapy; 
the negative controls included HIV-negative serum samples and 
MQ water. Purification of the cDNA products was performed 
by enzymatic method using ExoSAP-IT® on PCR amplifier 
GeneAmp PCR System 2400, followed by detection of 570 
nucleotides long HIV-1 protease cDNA fragments in 1% agarose 
gel. Additionally, cDNA fragments from six different patients’ 
samples were analyzed using standard clinical test “Amplisense® 
HIV-genotype-EPh” for 1,302 nt protease and reverse transcrip-
tase gene fragments. Afterwards, five PCR amplification reac-
tions were performed for each clinical sample. The collected 
single-stranded cDNA were purified as described above; yield 
of the resulting 570 nt fragments estimated by measuring OD

260
 

was approx. 0.1 nmol (0.4–0.6 mg).
Dye terminator cycle sequencing of the PCR products. Dye 

terminator cycle sequencing of the PCR products was performed 
following standard clinical genotyping protocol in an automatic 
Beckman CEQ2000XL sequenator using GenomeLabTM DTCS 
Quick Start Kit (Beckman Coulter). Sequencing results interpre-
tation was performed using Stanford Hospital and Clinics HIVdb 
Program available on the internet.

Homogeneous fluorescence assay for SNP analysis of HIV-1 
Pol cDNA using ON9–ON14. In separate vials the purified 
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